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.PLUTONXUM CONTAMINATION IN S O W  IN OPEN SPACX 
AND RESIDENfh3.L AREAS NEAR ROCKY FLATS, COLORAM) 

' M.IggyLitaor* 

INTRODUC7XON 

P w i u r  CONTAMINATION of soils amund Rocky Flats 
Plant (RFP), Colorado, resulted mainly &om past 
outdoor-storage practices at a site locally h o w n  as the 
903 Pad and subsequent ramobilizatioo due to inadcquatt 
cleanup methods (Krey and Hardy 1970; Seed et d. 
1971; Little et al. 1980). Until now, cleanup decisions 
and litigation issues regarding off-plant areas have not. 
been resolved because of a luck of sufficient informdm 

m g d i a  tht and extent of up+% and %'Am 
iR soils. 

The Remedial Knvestigatiooa 0 of tbc soil eavi- 
lOIuneDt outside RFP initiated in 1992 and included 
C h d Z a t i O P  0f.w distribution d ff9.c% 
(Litrror et sL 199% S %'Am (Ldtaor and Allen 
19%). The spatial analysis of plutonium was performed 
using four different dam sets, one of which contained 852 
samples collected bttween 1974 and 1994. Tbis data set 
.la the most comprehensive compilation of plutonium data 
with unique coordtnaus from W Rpp vicinity ever 
assembled. The technique of nonparametric indicator 
krjging WBB used to madel the conditional cumulative 
dieuibution hction (ccar) of plutonium in solla around 
RFP. Tho ccdf wes aaed to generate an E-typc (mean of 
ttre conditional cdf) s u r f ~ ~ e  and a map of the probabllity 
of exceedancc of plutoaium global fallout around RFP. 
The resulting swfaceswae cansiwnt with thc hypo&- 
esis that thc westerly winds we the dominant mechanism 
of plutonium dispersal. Other proasses, such BS down- 
dteam transport of sediment aloag,local southeast- 
trending drainages, may have addftionally moved small 
mound of plutonium. 

Although the above wart is geosradsticafly robus& 
tbe critical issue of the nlativc canhibudon of RFP- 
derived plutonium YO. global fallout in oped space and 
residential a t a s  around RFP is still pending. This infor- 
mation is also requ id  by the Dose Recootitrution Study 
Caaducted by Coloredo Dsparcment of Public Health and 
Environmmt (CDPHE) and for the litigation proceedings 
currently in progress. 

*Krey (1976) coaducted a plutonium'isotopic d o  
study around RFP chat pBid much attention to the 
reproducibility and reliability of pluronlum analysis and 
tba precision of the mass speclromerric analysis. Only 
scant a w d o n  wos given to tha spatial variability of the. 
plutonium isotopic ratio as well as reproducibility of the 
plutonium analysis ia various sampling scales. Krey 
(1 976) suggested that a plutonium isotopic ratio 2 0.163 
represents a global-fallout plutonium As part of the 
geochemical characterization study conducted by DOE 
(US. DOE 1995). twelva soils welt collected from 
locations believed to represent global fallout in Colorado. 
These soils weit malytcd and exhibited a 
ratio of 0.155 f 0.019. Efurd et d. (1995) analyzed 35 
soil samples that represent a larger subset of the back- 
ground eoils collected along che Colodo Front Range 
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& reported a value of 0.169 .C 0.005 for rhe global 
fallout in cola ad^. fbrahim et al. (1997) wIlccded two 
soils bclicvcd to rcptcsmt global fnllout and found a 
=%I:~%% isompk ratio of 0.152 t 0.003. Tbls W e y  
clearly sbows that tbcre is no unique d u c  that best 
reprcscnt~ global fallout in Colorado, thuJ a =age of 
values between 0.152 to 0.169 can be usod as global 
fallout. In Ibc present study. the value OtO.155 wr&l 

T?' by DOE (US. DOE 1995) was selected to 
global fallout around RFP. If plutonium ratio 0 0 155 

seuts thc.global fallout and '%"% ratio of 
0 T l - C  0.009 h o t w  a wcepon-gmde p~mdtpm pm- 
&sed in Rocky Flats (Krey and Krajtwski 1972) MY 
+:% ratio between these two value8 rcprescals 
some. mixhur of global fallout and Rocky Flats Pluto- 
nium. A new study of che plutonium 1sotOpiC ratio was 
inIriated in 1994, to produce probability maps of pluto- 
nium isotopic ratio in open space and residential ateas 

tentially impacted by RFP activity, @ to compute 

. +* 

loading on tbese mas, 

Field and laboratory methods 
~ b 6  optimal nu* of soil s a m p ~ s  mi tbe wtima~ 

distance ktwben the prots in the opea space aad d- 
dentiel mas were &tarmined using a sampling strategy 
algorithm for mil sampling suggested by McBratney et 
al. (1981). The computed optimum sampling interval for 

@id spacing berwecn plots within rhe opca space and 
.Csihtial  areas pear RFF was 1,750 m To @we the 
estimation variance even further, cha optirnal sampling 
intend was decreased to 1,OOO m between grid plots. 
Ihe actual location oftha plot6 WM impacted by past and 

and significant growth in residential and ComerCial 
areas tast of Rpp during the last 20 y. 

Sixty-thw ~ m p b  were collected using'the CDH 
and RFP sampling techniques (Litaor et al. 1995) and 
shipped to Los Alamos National Laborarspy fix 

, 240pU:239~ ratio determination. Thampl ionization mass 
spbctrolaetry (TmS) was wed to mtawro the atam of 
-%.I and 2aPu Saparwly. A detailed account'of dre 
analytical technique and the pertinent quality assurance 
and quality conml (QA/QC) i n f o d o n  k given by 
Efurd + al. (1995). 

For an analysis of the plutonium hvmtozy, 11 soils 
east of RFP wcn. excavated. described, and samplul The 
soil pits were excavated at undisturbed or minimally 
disturbed sites detcrminad b vegetadoa composition 
and assodadon. Sampling so' Y for plutonium chancer- 
kation involves several special c o n s i ~ o n s :  (1) p 
tential crosscoatamination of subsurface hosizons from 
tha more contamhated surface bodtonr; (2) wllecdon of 
eufficient aatarial IO obtain regnseatative plutonium 
activity and odKt soil paramtters; and (3) selection of a 
lx.xliStic BampliIlg design that Cons iha  the high cost of 

/Ilutonium a d y s i e  and pmvides sufficicnt idarmation 
-egarding the vatical distribution of pfutonium ia the soil m. 

In usht of thew ooI16ideTotio~~~, a v i a l  sampling 
mathod was employed, which involved di& a pit, 3 m 

pIcSCnt land-- pra~ t i~cs ,  BcCU1S refusal by h d  OW, 

- .  
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to 5 m h g ,  I m wide. and 1 m to 1.1 m deep. The 
vegetation a the wrface of the pit wan selected for 
sampling waa clipped dose to the ground and discarded. 
The asiace of the oelected wall was thm thomghly 
ecraped with a staidcss ere1 spade to Rduce the possl- 
bility of crosscontamination. Tea soil samples were 
dlccted per pit, according to rhe followiog depth inter- 
vah (in cm): 0-3, 3-6. 6-9, 9-12, 12r18, 18-24. 

of mss amtarnination Each soil sample was coUccted 
from within a horizontal cavity dug into the pit Eace at a 
dtcted depth. An exception to rbe above sequence was 
made for neargurfece samples (0-12 cm) where the soil 
was too friable to F i t  discrete SampIing. To sample 
the top section of Lhe protile. rbc SmpIiIlK was b e p  ot 
slpund levd using B knlfe d spatula to cut an area' 
appmximately 25 cm long, 20.m wide, and 3 cm deep. 
The attire soil mas6 in this area including KKJ!S aad 
partially deoompostd organic mterial was collected- 
S ring continued in thls mannet fur iotavals 8s acCp 

sampling for phys i t~  and ctsemicat'pnm- 
'&rs was conducted by genetic haizons wther than by 
tht irrcremartal depth proccdme. The eon bulk dsosity 
wasmensutedusing tbeclcdmethod desaibedby Blake 
aad Hartge (1986). The clod metbod rquhd a soil 
aggregate stable enough to cohere Coating. wdghiag. and 
handling. It usually doea not include rockg hgcr than 
1-2 cm. Tbe Soils were described according bo guidelines 
established by Ibe Soil Survey Staff (1975, 1993) and 
dapsified as MC A r g i ~ ~ C o l l ~  (TR 27, 31), Typic 

Aridic Haplustolls (TR 29), Fluvaqumtic Endoaqolls 
(TR 30). Torrerlic ArgiustoUa (l'R 34). Toduventic 
Haplustolls ("R 352, and Pachic Cakuistolls (TR 36). 
For fdur details regarding the soil taxonomy and 
claasificstiq see U.S. DOE (1996). 

24-36, 36-48 48-72, a d  72-96 A 
sPrnplIngcequcncewasadoptedoorrduceArrthertherit 

esl  ? cm. 

* 

~ 1 1 s  (TR 28). pachic &@smb 32.33,37), 

~ t i s t i e a l  plral* 
'Ibe &rial aaalysis of the plutonhm isotopic rad0 

(-:%) was conducted' psfng the smhastk simu- 
latioa methodology described by Dwlsch and kurn~l 
(1992). Shulation diffm from ordinary kriging (Utaca 

. 1995) and indicator krlgtng (Litaor et al. 1995) in nV0 
' iandamental raspeas: (1) Kriging algorithm provides a 

. at location (u) taken on0 at the dmc without iipcdfii 
attention to the nsulting spatial statistics. Kriging esti- 
m a t e s W  on sparse soil samples mayprodu,pas&cmg. 
mnoathing e5ectaeapecially ia be areas of rpanc'ram-. 
pling. h simulahon. the malting global features and 
statistics of the simulated values a the mdor goal of the 
analyda and the smoothing a f f a  in arcas of sparse 
sampling k m y  reduced @eutsch and Journal 1992); 
(2) For a given conditional cumulative distriition hnc; 
tion (ccdf) of plutonium isotopic ratio over a given 
the Ilse o f l d g b g ~  an intupdation @&dun pIoducca 
a single numerical model. 'Lbis model is 'TksbkY' fot tbcr 

. 

'W-kd e~tLnat~ of Pu'(u) Of tach wrsampted valut 

. 



purpose of 1- acccuc~~y. ~imolaaion pmvides many 
altunarivc models Q, tach of which .is a ''goad". 
represeatatim of the reality in some @oh1 Bepbe, The 
diffaoces among thcae - L almativs modcls, also - known as realizations. provfde a measure of &tot spatial 
uncatainty. Tbe quantification of this woertainty ie tbo 
main motive for asing stochastic Eimulation in assessiag 
che spatia( suucuue of thcplutoaium lsotopic d o  BCIOSS 
the open space and resiQlldai areas djaant to RFP. 

The mosi wraightforward algorithm for generating 
r e a w n s  of the y L o ~ : m 9 ~  ratio is a sequentid 

.Gaussian dmulariaa (Fig. 1). In brief, thc plutonium 
-isotopic d o  was simulated nequentlaUy following its 
calf olrirrg a sirtlple luiging (SK) Syt3tCm of equadons. 

:. and the s&al arrangemurt of tbe Onginal &t& 
use of. a SK system of 

equations CODpled with the normal'soore variogram' 
modeltoco u t 0 t h e ~ s n d ~ v a r i a n c o o f t h e c c d f  

the %% ratio at location u. A simulated vat= 
pu'4u) WM generated from that d, and that sirnulaled 
value was added to the data fet The nex[ node. was 
visiwd and looped utltil aIl nodes w a t  simulated Tbii 
sequence of steps productd tbe fust nalization. To b d t  
multiple rtallzatioas, the previous saquence was repuad 
100 times witb a different raodom path for each rcaliza- 

. tion. Ihe.sirnulated nnrmal valwe of the 100 sequenrial 
Gaussian shnuiatiqns wen? backtrangfonntd for the Orig- 
inal variable. During the b a c k c r a n s f d  c a l d o n s  
wirbin-class lnterpolatione end tail cxtrapolatiom were 
called for. In the current analysis tho hyperbolic model 
for upper tail moQl was used because of thE positively 

. . skewed ccclf, and the Unear modnl was used for the lowu 
P d e  three 

output files. The first is an E-type estimate, which is a 

The next step included 

. 

. 

Fig. L Row ohrat diagram ofthb scquendd aeuroian sirnuladon 
( E a ) .  
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p. point-by-point average of Ihe muldple reaGzadons. Be- 
cause the E-type cstimacts are .average  value^, the 100 
rimnlatians is considered a rqwnable number of d- 
ization~. ~ b t  second output file contains a @ab* of 

. exceeding a fixed cutoff Value (eg., beckground isotopic 
ratio), a d  the third OK ut ffle.conststs'of computca 

conditional p--tile value). 
The overall loading (fnventory) of plumnium in the 

open space and residmtial areas was mnputed asing the 
Wpe map dcdved from dm SGS analysh coapled with 
plutonium activity and bulk density mearrunmeats por- 
fd on mC 11 soil pihi dcsca'bed above. Additional 
inkmation regding plutonium distribution with Qspth 
was gleaned ftom 14 macroplots Wed by Webb et al. 
(1994). Because of the .variable uamp~ing txheme ean- 
ploycd by Webb et al. (1994), only the v t  dace that 

' fitUw:MmplingdeQuenceoftheIIsollptEswereused. 
Exception was made for'rhe 8 t w ~ 9  bdceted by isopleth 
0.10 and greater (see below), wbere a sarapltne depth of 
0-21 cm was employed. 

values when a fixed J f value p irr reached ( i ~ ,  tbF 

RESULTS ANDPISCUSSION- 

' spatial andyds 
Ths spatial distribution and stadsdcs, of the Pluto- 

nium isotopic ratio f h m  42 SOU samples rn depicted m 
Pig& 2 and 3 and Table 1. The sites deaoted by the 'dd 

?cross e x h i i  a plutonium, isotopic ratio range of 0.0s 
to 0.079 and represent tho area moat impacted by RFP 
activity. This ami is adjacent to the plant paimater. and 
for the most part is mtricted to the c a t  d eoutbtast 
dlwtions. 'Ibe sites denoted by 4 clear diamond exhii 
ited a plutonium isotopic ratio range of 0.08 U) a154, 

a 

u 

wbichnpnsentsamixtureofRFPplutonfPmwSthglobal 
fallom. The &a danoted by a dark star oxhiircd a 
plutonium isotopic ratio equal to or gFtater &an 0.155, 
wtrich is h e  lower mngc of global fallout in Colornbo; 
thus thc open space and miiltntinl areas i d  north- 
west rad southwest of the 903 Pad wuc not 8jgoincantIy 
affected by RFP activity. Because of the limited number 
of.nieanuemena and the uncertm ' ty associated with a 
oaiqut value for global falloat in Colorado, tbc w e n -  
tial Gaussian sirnulatiarts modcling efhn f& 4p thc 
Blea east of RFT ( a t  of SQte Plam Coorchnatc * RoJec- 
tlm #)93ooo). 

A oaussian model k s t  fit the exp&nd varie 
gram Fig. 4) derivedfrom the Ccardegictodm Fig. 3 nnd 
amdomed into their normal score v a l y .  The Gaussian 
model represents a phenomenon wlth smng spatial 

. wntinuity, typical of the wind dispersion that carrifd the 
plotdurn particles BCCOBS the eoilscapc. 

'Ihc E-type estimates of the plutonium isotopic ratio, 
which arc rbc pint-bypoint averages of rhc 100 d z a -  
tim, a illueaated ig fig. 5. Tbe &type estimates of the 
plutonium isotopic ratio show a g e d  westcast tread, 
cbamterized by a low bornpic rario adjacent to the east 
perimeter of the plaat. followed by a gradnal increase in 
isotopic ratio estimates lo; tbe eags .northeast and south- 
east The WcSf-eBst panetn imLstratad bY SJYpe 
estimam ldcctn wind dispasion conabw with tho 
prevailing winds at RFP. 

Utaor et al. (1995) construcred mapa that showed 
ta;e probability of excdance of the maan gtctbaI-fal)out 

' plutoniura Area8 a y 7  kmcast of RFP exhibited less 
. than 20% probability of ucebdaLIce of the mean global 
fdwt of 1A8 Bq kg-' plutonium. Howe\rsr, a8 Krey 
(lW6) cluuly stared. Borne soil shmples with groaIer 
plutonium activity may have little or no conaibulioo 
from Rocky Flats. whense samples with smaller Nut- 
nium eaivlry than gI&d frllout may contafn IXme 

. 

I .  
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pis. 6. A tontorir map of rhc pmbablllty chat e given. plutwium 
ieotopic ratio exec& tho globnl fallnut [Le., 0.155) in ColOrrds. 

. .  . . .  

extent of t h e m  imp- by RFF is still undete;mined. 
Furthermore, in a recent study, Ibrahim et aL (1997) 
found that soil samples collected 19 Ism directly east of 
RFP exhibited a plutonium isotopic ratio of 0.123 and 
plutonium activity of 1.1 Bq leg-'. This finding indicates 

at Rpp-derlved plutonium has reached areas further to 
+e east of the current study extent but with plutonium 

activity of less than the mean plutoniam global-faflout. . 
. .  

Verdcal distribution 
The vertical distribution of' lutonim activity ia the 

11 mil pits collect4 outside Rg, is in Fig. 7 
and summarized in Table 2. The top layer (0-3 cml is the . 
most contaminated layer. with over 96% of =€h 
activity accounted for in the top 12 cm dtht soil Aerees 
below the 12 cm depth plutonluin ~ctivhy deaeased to 
baEkground level. 'Lhis distribution clearly aettsul to the 
general obsuved panan of plutonium in h e  soil tavinm- 
merit nnxrnd RFP (e.g., Utde et al. 1980; Urnwet al. 1994A 
which suggests that liuie downward movement of p b  

. mum has occuzred wimin these soils during r k  last 25 y. 
Several soils In the study area exhiilted highly etony 
aod coame temre (not Shawn.). which provides high 

is smngly associatedwith organic matter and Fo.oxldes 
and hydmxides of tho topsoil (Litaaz and W r n  I=), 
then: has betn Unlo rnovament of plutonium down tho 

POQntiel f o r d o w n w a r d l e e c h i n g . ~ ~ . ~ - ~ ~  

soil prom3 pcgardless of sou type. 

PluWutn loadlag G y s i t i  . .  

. 

The plutoniwn loading analysis OD open space and 
residential areas was perfomred in rhree steps. In.tba 6rst 

, . s t q ,  the planar a m  between isopleths of tbe E-typc 
tes (Fig. 5)  Wq compted.flable 3). The. a m  

d o  gnatn than 0.15s with probabiiity of axedmcc of 
h e  lwaD plutonium global falIout ratio grrara than 60% 

e swtheasc of REP that exhihiced plutonium isotopic 

. .  

- :  

# 

Fig. 7. Verticcrl profils of plutonium activity (log,o J3q kg") in 
oclecttd lroll plrr esr d m, 

. ,  

(Fig. 6) was excluded from the planar aiza computations. 
In tbe sccond step, the plutonium activity at each soil 
depth (ik., OT3,3-6, 6-9, and 9-12 an) waa averaged 
using tbe appropriate soil pits and macroplots bounded 
by a given isopleth interval and multipIied by the mean 
bulk density of the corresponding soil borizons times the 
planar areas computed above (Table 3). For example. the 
mean plutonium activity of Pita 30.31, and 33 at the four 
80il depths times their mean bulk density times the planar 
area confined to tbe 0.06 isopleth yielded 276 OBq of 
plutonium. In the third step the mean plutonium activity 

macroplots was adjusted by subtracting tbe mean Iuto- 
nium global-fallout (1.4ktO.5 Bq kg-') to y k d  P the 
plutonium loading ariginatcd fmm RFP activity. 

The mean total loading on open space and miden- 
rial aceas wae 111.2 GBq wilh a.standard am of 
a8timatz of 50.8 GBq (Table 3). The main 6ource. of 
d u t y  m the loading cdculatior)~ 'BCTWCI tho mdy 
m a  resulted from high variabitity in plutdom activicy 
mer  a mall sampling scala Por example, in the area of 
0.88 k m a . ~ n f i d  by the isopleth S 0.06, the mean 
p4utonium activity in the top sun- laye of the 3 
representative pits was 80.3 By kg' wicb a standard 
dtvialion d 59.6. Bq kg', which' rcdted ia a man 
plutcinium loading of 2.76 PBq and r q d d  trcot of 
1.11 GBq aAeredjuating to the estimated global fallout in. 
Colorado. Similar variations in plutonium activity WCDO 

. obsbed auvss Ihe study area in all depth8 of sampling 

in the topsoil layer (0-3. a) ali dl pits and 

. 

. .  
.- 
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Vable 3). Tht large m r  of eshatea (> 40%) 
m the inventory calculatioae must be takea bto BCOOUnt 
for any dosc reconstruction analyde oc cgidcmiological 
study chat employed plutonium distribution in soil0 (8.g.. 

Johnson 1981). To demonstrate this point further, one, 
can refa to a recent citizen# c n v i m  8ampling 
committee (CESC) tepott (19961, which w8s wmmis- 
B i d  to produe a dtizen-dedgoed, Off-Si te  sampling 

139 f 0.08 ' .  1281 039 f 039 
* ... 7.70 t 3S8 

0.74 & 0.14 .. . ... e12 . . 
Subtotal 
rmIt%dc rml& o.oeo.10: RQ 35.46; 37 L MmuoDloQ Rp R13. px4 a EJO 

. .  
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program near RFP, and the study by-lbrahim et d. 
.(1997). The CESC sampled 24 cites withia the area east 
bnd’southeasr of RFP and used the.results to test the 
accuracy of‘ several published plinonlum maps. .For 
example, the results of the 24 sites were supedmpossd on 
the &type estimetes map generated from the cbmpteben- 
sive data sct of 852 ‘soil samples (Litaor st aL 1995). 
Despite the comprehensive compilation of plutoNUm 
data and the rigorous geostariStical treatment that pro- 
d u d  the map, only 19 of the 24 aites (79%) w= 
cMificd c o d y  using the &type map. Five si- 
d e d  tbe published isopleths by 0.7 to 125 Bq &‘’ 
indicating tbe spotty nature of plutonium activity in the 
soil environs across the Bmau sampling scale. 

lbrahim et d. (1 997) measured the plorc~@urn isoto- 
pic ratios in several sites depicted in Fig. S ,  and rheir 

results were compared with the osslimated isopleths CTa- 
blc 4), Oaly two locations (28%) were classifled .cor- 
rectly using the &type map gcnpmtcd from the nimula- 
dons. This poor agroarnenl probably ~ u l t e d  fmm the 
small ccdf used in the simulation and the vastly d i f f k t  
soil sampling techniques empIoycd.’Io the present study, 
each soil sample was colltctcd over a 4.05-ha plot by 
8-mpling 25 subsamples evenly distributed aver the 
entire plot to a depth of 0.64’cm (Litaor et at 1993. ?be 
25 q~bpamples w m  cornposited to repnsmt the entk 
plot Tbe soil sampling by Ibr&m et aL (also see W& 
et $. 1994,1997) was done in microplots of 1 X 1 pet?r 
size, wldr deptb inctrvas of 3 an 

Notwithstanding the spatial mcatainty inherited in 
my study that attempted. to calculate the loedfng of 
radionuclides on. a large area; the present plutonium. 
loading is fairly similar to tha found in 80 earlier study 
by Krey (1976). who reponed J25.82333 GBq of 
plutonium deposited ~cms a considerably larger 
which included the entin Denver araa ThC similar 
results of h e  plutonium loading analyses whlcb used 
vastly different methods in assessing the add extent a d  
plutonium activity in tha soil, su tst that most of tho 
plutonlum released by RFP mi& in open space and 
rtoidcntial areas that are in close pmxiriity to the plant 
perimeter (Le.; within the bauadaries of the prcsent 

fldy). These findings also iUuminerPd the scale itsue 
at governs most radionuclidt distribution in tbt soil 

~ ~ v l r o a s  of all contaminated sites. We rnay wt be able to 
. produce a single map that will @ways darntpY amct ly  

. 

. 

. 
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the phrtonium activity and/or the plutonium isotopic 
ratio. bot we can provide an u p p  limit IO the amount of 
pbtonium r c l d  by RFP. 

0 
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